Reaction of [(2-alkyloxy)methyl]-1,4-dimethoxybenzene 10 (alkyl ¼ butyl, hexyl, decyl, tridecyl, tetradecyl, hexadecyl, and octadecyl) with ceric ammonium nitrate in order to produce p-benzoquinones ( ¼ cyclohexa-2,5-diene-1,4-diones) afforded 5-[(alkyloxy)methyl]-2-(4-formyl-2,5-dimethoxyphenyl)-benzo-1,4-quinones 12a -12g in yields that varied from 46 to 97%, accompanied by 2-[(alkyloxy)methyl]benzo-1,4-quinones 11a -11g in only small quantities ( 5%). These quinones resemble the natural phytotoxic compound sorgoleone, found in Sorghum bicolor. This reaction exemplifies a general procedure for the synthesis of novel aryl-substituted p-benzoquinones. The selective effects of compounds 12a -12g, at the concentration of 5.5 ppm, on the growth of Cucumis sativus, Sorghum bicolor, Euphorbia heterophylla, and Ipomoea grandifolia were evaluated. All compounds caused some inhibition upon the aerial parts and root growth of the tested plants. The most active compound, 2-(4-formyl-2,5-dimethoxyphenyl)-5-[(tridecyloxy)methyl]-benzo-1,4-quinone (12d), caused between 3 and 18%, and 12 and 29% inhibition on the roots and aerial parts development of Cucumis sativus and Sorghum bicolor, respectively, and between 77 and 85%, and 34 and 52% inhibition on the roots and aerial parts growth of Euphorbia heterophylla and Ipomoea grandifolia, respectively.
potent than the commercial herbicide atrazine in inhibiting the PSII [12] . This quinone also causes disturbance of plasma H þ -ATPase activity in root cells [13] . Although the total synthesis of sorgoleone (1) has been known for over a decade [14] , only a few papers describing evaluation of the herbicidal activity of synthetic analogues and natural sorgoleone have been published [15 -17] . Considering the potential use of sorgoleone (1) as herbicide and our interest in using natural products as models to prepare new agrochemicals [18 -24] , we report in this paper the unexpected formation of several new arylbenzoquinones that are more active than sorgoleone (1) against selected weeds.
Results and Discussion. -Chemistry. In our previous work [17] , we have used the 3,5-dimethoxybenzyl alcohol as a starting material for the preparation of sorgoleone analogue 3 ( Fig. 2 ) that proved more active than sorgoleone (1) on the root inhibition of the weeds Euphorbia heterophylla and Brachiaria decumbens.
We then envisaged that, employing the same synthetic methodology with 3,4-dimethoxybenzyl alcohol as the starting material, the preparation of a regioisomer of compound 3, with the MeO group in the para-position with respect to the alkyl chain, could be easily carried out. This would allow the evaluation of the influence of the relative position of the MeO group upon biological activity. Following this idea, we initially attempted at the preparation of compound 4, according to Scheme 1. The benzaldehyde 5 was then obtained in 80% yield from the corresponding benzyl alcohol. Addition of Grignard reagent to 5, followed by dehydration and catalytic hydrogenation, led to the required 1,2-dimethoxy-4-tridecylbenzene (6) in 55% overall yield (Scheme 1).
Compound 6 was then subjected to the same oxidation procedure (CrO 3 in AcOH) used for the preparation of 3 [17] . Unexpectedly, the required quinone 4 was not obtained, but ketone 7 was formed in 57% yield. When the same procedure was carried out with an analogue of 6, having a C 5 alkyl chain (experimental data not shown), the oxidation at the benzylic position also occurred, resulting in the corresponding ketone, an analogue of 7, in 40% yield. Another attempt to convert 6 into 4 was carried out using cerium ammonium nitrate (CAN), a strong one-electron oxidant [25] which has been used to convert polymethoxylated aromatic rings into quinones [26] . Even with this reagent, we observed that the only product isolated from the reaction was ketone 7 in 55% yield. This change in reactivity of 4-alkyl-1,2-dimethoxybenzene in relation to the 5-alkyl-1,3-dimethoxybenzene described earlier [17] was attributed to the presence of a MeO group in the para-position with respect to the alkyl chain, which was activating the benzylic CH 2 group. Scheme 
Tentative Synthesis of p-Quinones from 3,4-Dimethoxybenzyl Alcohol
Unable to prepare quinone 4, we turned our attention to obtaining new sorgoleone analogues with an ether function in the side chain, as compounds of type 8 previously prepared [17] (especially with n ¼ 4) were more active than sorgoleone (1) in inhibiting the aerial parts and roots of B. decumbens, an aggressive weed commonly found in several crop plantations in Brazil.
The reaction of 2,5-dimethoxybenzyl alcohol (9) with various alkyl bromides in THF in the presence of NaH and 1H-imidazole afforded a series of ethers 10a -10g, in reasonable yields (Scheme 2) [27] .
These ethers 10a -10g were then submitted to oxidation with CAN, anticipating the formation of the corresponding quinones 11a -11g, once the oxidative demethoxylation of substituted 1,4-dimethoxybenzenes has already been reported [28] . Upon addition of ethers 10a -10g to a solution of CAN in MeCN, the reaction mixture that was initially pale orange progressively became red and culminated in a brown color. After 10-min stirring at room temperature, the starting material was consumed in all cases, and exposure to the reaction conditions for longer periods resulted in the formation of complex mixtures. The expected monosubstituted p-benzoquinones 11a -11g, formed by oxidative demethoxylation of the ethers 10a -10g, were isolated as yellow oils or solids in very low yields (Scheme 2). In all reactions, the major products were obtained as red or pink solids that were characterized as arylbenzoquinones 12a -12g. The structures of quinones 12a -12g were elucidated by spectroscopic means, and, for all of them, the major spectral differences were considered related to the absorptions of the side chain. For instance, the IR spectrum of compound 12f, with the hexadecyl side chain, showed very strong absorptions at 1692 (n(C¼O)), 1656 (ñ (C¼O)), and 1600 cm À 1 (ñ (C¼C)). The absorption due to the aldehyde CÀH stretching was not clearly observed. Special features in the 13 C-NMR spectrum were the absorptions at 185.29 and 186.99 ppm due to C-atoms C(1) 1 ) and C(4) of the quinone ring. The absorption at 188.94 ppm, corresponding to a CH group according to the DEPT spectrum, was assigned to the C-atom of the aldehyde group. The 1 H-NMR spectrum (300 MHz) showed a doublet at d 4.38 (J ¼ 2.1 Hz) due to HÀC(7), which is coupled to HÀC(2) of the quinone ring, as confirmed by the COSY spectrum. A singlet at d 10.45 ppm due to the aldehyde group was correlated with the 13 C-NMR signal at d 188.94 ppm in the HMQC contour plot. All To account for the formation of quinones 12a -12g, we proposed the mechanism shown in Scheme 3, whereby the initial dimethoxy compound 10 undergoes a oneelectron oxidation process by Ce 4 þ , resulting in the formation of a cation radical 13. This electrophilic radical attacks the p-donor-substituted starting material 10. The thus formed dimeric cation radicals 14 are structurally symmetric (Scheme 3), since the electrons can jump intramolecularly from one ring to the other. Uptake of H 2 O, and loss of MeOH and H þ may generate the cyclohexadienyl radical 15, which, on further oxidation with CAN, may give 16 [29] . The next oxidation step with CAN results in the formation of benzoquinones 17. The last two oxidation steps with CAN finally result in side-chain deprotonation of the primarily formed radical cation, and oxidation of the intermediate radical in an O-stabilized benzylic cation, which, after uptake of H 2 O, and loss of ROH and H þ , yields the main products 12. To account for the unexpected formation of 12, the torsion angles between the two rings for all intermediates 17 were calculated (AM1), and the value of ca. 428 was found. With this conformation, the uptake of H 2 O at the o-MeO of 18 is sterically hindreded on both sides of the p system, thus favoring the deprotonation at the benzylic position in these molecules (18) . Although Rao et al. [30] have obtained (in one occasion) one aryl-substituted benzoquinone in a very small yield, by silver oxide mediated oxidation of 1,4-dimethoxy-2-methylbenzene, we envisaged that the simple procedure we have described could be used for the economical preparation of several new quinones for biological evaluation.
Bioassays. The effect of quinones 12a -12g, at the concentration of 5.5 ppm, on the development of the cultivars Cucumis sativus and Sorghum bicolor L., and the weeds Euphorbia heterophylla and Ipomoea grandifolia were evaluated, and the results of the biological tests are shown in the Table. For comparison, the results obtained with the natural quinone sorgoleone (SGL), used as a positive control, are also included.
For C. sativus, compound 12d was the most active, causing 29.5% inhibition on the aerial parts of the plant. It had practically no effect on the root development of this plant as observed for sorgoleone [17] . The other compounds, including sorgoleone, showed virtually no effect on this plant, under the test conditions.
As sorgoleone (1) itself had no effect on the development of S. bicolor ( Table) , we expected that the quinones 12a -12g would also display little effect on this species. This, in fact, was observed, with a major exception of compound 12d, which caused a significant 12.1 and 17.5% inhibition on the aerial parts and roots, respectively. Compounds 12e and 12g also caused a small but significant inhibition on the roots development of this species.
In a previous study, and also in the present one, we have observed that sorgoleone (1) had no effect on the development of E. heterophylla [17] . Considering that this species is a very aggressive weed associated with beans, cotton, and soybean crop plantations, and that its control is difficult, particularly due the development of biotypes resistant to imidazolinone herbicides in Brazil [31 -33] , we evaluated the effect of the new quinones 12a -12g on the development of this plant. Among all the compounds tested, it was observed that quinone 12d caused 34.2 and 76.5% inhibition on the aerial parts and roots, respectively.
When tested on I. grandifolia, an important weed in cotton, sugar-cane, coffee, soybean, and corn plantations [34] , sorgoleone (1), and compounds 12a and 12f caused a small effect on the development of its aerial parts (5.3, 19.8, and 17.7%, resp.). The most significant effect was observed for compound 12d that caused 51.7 and 85.2% inhibition of aerial parts and roots, respectively.
Although no structure -activity relationship could be established from the results presented, we have demonstrated that the chemistry described could be explored for the economical preparation of new quinones with potential use as herbicides.
Experimental Part
General. The required 3,4-dimethoxybenzaldehyde (5) was prepared, in 80% yield, by Swern oxidation [35] from the commercially available 3,4-dimethoxybenzyl alcohol. A pure sample of sorgoleone, used as a control in the bioassays, was obtained as described in [37] . Reagents and solvents were purified, when necessary, according to the usual procedures [36] . Flash column chromatography (CC): Crosfield Sorbil C60 (32 -63 mm). M.p.: an electrothermal digital apparatus (with correction). IR: Perkin-Elmer Spectrum 1000 grating spectrometer, KBr disk or NaCl plates, scanning between 4000 cm C-NMR spectra: Varian Mercury 300 instrument at 300 and 75 MHz, resp., CDCl 3 as solvent and TMS as internal reference standard (d ¼ 0); the coupling constants (J) in Hz. MS: electron impact (EI; 70 eV) with a VG Analytical ZAB-IF high-resolution spectrometer. The geometry optimizations for compounds 18 were according to the semi-empirical method AM1 [38] with the program Spartan04 [39] .
1-(3,4-Dimethoxyphenyl)tridecan-1-ol. To a two-neck round-bottomed flask (100 ml) were added Mg turnings (1.82 g, 75 mmol) and one small crystal of I 2 in dry THF (10 ml). The system was stirred under N 2 for 20 min, then 1-bromododecane (17.15 ml, 71.44 mmol) dissolved in dry THF (10 ml) was added. When 50% of this soln. remained, a further 5 ml of dry THF was charged into the flask concluding the addition. The formation of the Grignard reagent was confirmed when the color of the reaction mixture changed from yellow to gray. The 3,4-dimethoxybenzaldehyde (5, 3.0 g, 17.86 mmol) dissolved in dry THF (10 ml) was then added to the Grignard reagent via a syringe (over a period of 30 min), and the resultant mixture stirred at r.t. for 4 h. The reaction was quenched by addition of an aq. sat. NH 4 Cl soln. (20 ml). The mixture was then filtered at the pump, and the org. solvent was evaporated under reduced pressure (rotary evaporator). The residue was extracted with CH 2 Cl 2 (3 Â 15 ml), and the combined org. layers were washed with brine (20 ml (1) (1)); 109.1 (C(5')); 111.1 (C(6')); 118.4 (C(2')); 137.9 (C(1')); 148.6 (C(4')); 149.2 (C(3')). MS: 336.2657 ( 1,2-Dimethoxy-4-(tridec-1-en-1-yl)benzene (5b). To a two-neck round-bottomed flask was added 1-(3,4-dimethoxyphenyl)tridecan-1-ol (1 g, 2.98 mmol) dissolved in benzene (30 ml), followed by TsOH (50 mg). The mixture was stirred at 608 for 3 h, diluted with H 2 O, and submitted to extraction with CH 2 Cl 2 (5 Â 20 ml). The org. phase was washed with brine (20 ml (6)). 13 C-NMR (CDCl 3 ): 14.37 (C(13')); 22.9 (C(12')); 29.5 (C(4')); 29.6 (C(5')); 29.7 (C(10')); 29.8 -29.9 (C(6')ÀC(9')); 32.2 ((C11')); 33.2 (C(3')); 55.9 (MeO); 56.2 (MeO); 108.7 (C(6)); 111.3 (C(2)); 118.9 (C(1)); 129.5 (C(2')); 129.6 (C(1')); 131.3 (C(5)); 148.4 (C (4) (27) .
1,2-Dimethoxy-4-(tridec-1-yl)benzene (6). 1,2-Dimethoxy-4-(tridec-1-en-1-yl)benzene (700 mg, 2.2 mmol) was dissolved in AcOEt (10 ml) in a round-bottomed flask, followed by addition of 10% Pd/C (88 mg). The mixture was stirred magnetically under an atmosphere of dry H 2 ( Oxidation of 6 Leading to 1-(3,4-Dimethoxyphenyl)tridecan-1-one (7). To a round-bottomed flask were added CrO 3 (31.25 mg, 0.3 mmol), AcOH (10 ml), and a few drops of dist. H 2 O up to complete dissolution. The oxidizing mixture was stirred at 08 for 30 min before addition of 6 (100 mg, 0.31 mmol) dissolved in AcOH (6 ml). The mixture was stirred at r.t. for 24 h and at 408 for 16 h. The mixture was then diluted with dist. H 2 O (15 ml) and extracted with CH 2 Cl 2 (5 Â 20 ml). The combined org. layers were washed with brine (15 ml), dried (MgSO 4 ), filtered, and concentrated under reduced pressure in a rotary evaporator. The yellow oil obtained was purified by CC (silica gel; hexane/Et 2 O 1 : 1) to give 7, which was recrystallized from a mixture of CH 2 35 .72 mmol) was added to the mixture, and it was stirred for 6 h. The reaction was quenched by addition of dist. H 2 O (20 ml), and the product was extracted with CH 2 Cl 2 (3 Â 20 ml). The combined org. phases were washed with brine (20 ml), dried (MgSO 4 ), filtered under vacuum, and concentrated in a rotary evaporator. The crude residue was purified by CC (silica gel; hexane/Et 2 O 7 : 1) to yield a colorless oil (1580 mg, 7.05 mmol; 79%). The same procedure was applied for preparation of compounds 10b -10g, and yields are indicated in Scheme 2.
1-(Butoxymethyl)-2,5-dimethoxybenzene (10a (6)). 13 C-NMR (CDCl 3 ; * the assignments can be interchanged): 14.2 (C(4')); 19.7 (C(3')); 32.1 (C(2')); 56.0 (MeO)*; 56.2 (MeO)*; 67.6 (CH 2 O); 70.7 (C(1')); 111.5 (C(6)); 112.9 (C(3)); 114.6 (C(4)); 128.6 (C(1)); 151.4 (C(2)); 153.9 (C (5) (6)). 13 C-NMR (CDCl 3 ; * the assignments can be interchanged): 14.6 (C(6')); 23.2 (C(5')); 26.4 (C(3')); 30.3 (C(4')); 32.2 (C(2')); 56.1 (MeO)*; 56.6 (MeO)*; 67.7 (CH 2 O); 71.2 (C(1')); 111.5 (C(6')); 112.9 (C(3')); 114.6 (C(4')); 128.5 (C(1')); 151.2 (C(2')); 153.7 (C(5')). Anal. calc. for C 15 (4) (6)). 13 C-NMR (CDCl 3 ; * the assignments can be interchanged): 14.4 (C(10')); 22.9 (C(9')); 26.5 (C(3')); 29.6 (C(4')); 29.7 (C(5')); 29.8 (C(7')); 29.9 (C(6')); 30.1 (C(8')); 32.2 (C(2')); 55.9 (MeO)*; 56.2 (MeO)*; 67.6 (CH 2 O); 71.1 (C(1')); 111.5 (C(6)); 112.9 (C(3)); 114.6 (C(4)); 128.6 (C(1)); 151.4 (C(2)); 153.9 (C (5) (6)). 13 C-NMR (CDCl 3 ; * the assignments can be interchanged): 14.4 (C(14')); 22.9 (C(13')); 26.5 (C(3')); 29.6 (C(4')); 29.8 (C(5')); 29.8 -29.9 (C(6')ÀC(11')); 30.0 (C(12')); 32.2 (C(2')); 55.9 (MeO)*; 56.2 (MeO)*; 67.6 (CH 2 O); 71.1 (C(1')); 111.5 (C(6)); 112.9 (C(3)); 114.6 (C(4)); 128.6 (C(1)); 151.3 (C(2)); 153.8 (C (5) (6)). 13 C-NMR (CDCl 3 ; * the assignments can be interchanged): 14.4 (C(16')); 22.9 (C(15')); 26.5 (C(3')); 29.6 (C(4')); 29.8 (C(5')); 29.8 -29.9 (C(6')ÀC(13')); 30.0 (C(14')); 32.2 (C(2')); 55.9 (MeO)*; 56.2 (MeO)*; 67.6 (CH 2 O); 71.1 (C (1')) ; 111.5 (C(6)); 112.9 (C(3)); 114.6 (C(4)); 128.6 (C(1)); 151.3 (C(2)); 153.8 (C (5) 3000, 2921, 2849, 1593, 1498, 1469, 1412, 1384, 1292, 1262, 1219, 1161, 1135, 1096, 1045, 942, 866, 818 , 720, 699. (3)). 13 C-NMR (CDCl 3 ): 13.9 (C(6')); 22.5 (C(5')); 25.7 (C(3')); 29.5 (C(4')); 31.5 (C(2')); 65.7 (CH 2 O); 71.7 (C(1')); 131.1 (C (3) (3)); 6.89 (t, J ¼ 2.1, HÀC(3')); 7.39 (s, HÀC(6)); 10.40 (s, CHO). 13 C-NMR (CDCl 3 ): 14.16 (C(10'')); 22.7 (C(9'')); 25.9 (C(3'')); 28.3 (C(4'')); 28.7 (C(5'')); 28.9 (C(7'')); 29.2 (C(6'')); 29.5 (C(8'')); 31.7 (C(2'')); 56.4 (MeOÀC (5)); 56.6 (MeOÀC(2)); 66.3 (CH 2 O); 72.0 (C(1'')); 109.7 (C(6)); 114.8 (C(3)); 125.8 (C(1)); 129.6 (C(2')); 131.9 (C(3')); 135.0 (C(6')); 144.7 (C(1')); 145.9 (C(4')); 151.4 (C(5)); 155.8 (C(2)); 185.0 (C(2')); 186.8 (C (5')) (1)); 129.7 (C(4)); 131.5 (C(3')); 134.5 (C(6')); 144.3 (C(13''); 145.5 (C(4')); 150.9 (C(5)); 155.6 (C(2)); 184.9 (C(2')); 186.6 (C(5')); 188.6 (CHO Biological Assays. The experiments were carried out in a greenhouse with Cucumis sativus, Sorghum bicolor, Euphorbia heterophylla, and Ipomea grandifolia. Seeds of these species were obtained from the collection maintained at the Plant Science Laboratory at Federal University of ViÅosa. All undersized and damaged seeds were discarded, and the assay seeds were preselected for uniformity. The bioassays were carried out using plastic pots, and the total growth of the test plants was evaluated. The test solns. were prepared by dissolving 5.0 mg of each quinone (i.e., 12a -12g) in a mixture of xylene (60 ml), pentan-3-one (20 ml), and Tween 40 (polyoxyethylene-sorbitan monopalmitate, 2 drops). The volumes of the resulting mixtures were completed to 100 ml with dist. H 2 O. Control experiments were carried out using a soln. with the same composition described above, but without the test compound. A positive control was carried out using natural sorgoleone (SGL), isolated as described in [37] and formulated in the same way as the test compounds.
To each of plastic pots of 0.10 dm 3 containing 165 g of washed sand soaked in 20 ml of the test soln. in order to result in a concentration of 5.5 ppm of the test quinone in relation to the substrate (sand), ten seeds of each test plant were placed at 0.5-to-1.0-cm depth, and the pots were kept in a greenhouse at 258, watered regularly to maintain the humidity at 12% (w/w), and three times a week, a solution containing the required nutrients was applied.
The test plants C. sativus, S. bicolor, E. heterophylla, and I. grandifolia were harvested 12, 12, 13, and 16 days after sowing, resp. The harvest was performed by separating the radicle from the aerial parts. These parts were kept separately in paper bags and dried at 70 AE 18, until constant weight, and the mass of the dried matter was determined. The data were analyzed using Tukeys test at 0.05 probability level. All treatments were replicated six times in a completely randomized design. The percentage growth inhibition of aerial parts and roots was calculated in relation to the mass of the roots and aerial parts of the control, resp.
